lating leptin levels in stable COPD patients were not significantly different from those in healthy controls when adjusted for gender and BMI, whilst leptin levels tended to elevate in exacerbation groups. Conclusions: The normal regulatory mechanism of leptin is maintained in stable COPD patients despite weight loss. The additional correlation between leptin and TNF-α during exacerbations may support the closer association of leptin with changes in nutritional parameters and suggests its valuable role in the evaluation of systemic inflammatory responses in COPD patients during exacerbation, which merits further study.
Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by persistent airflow limitation that is usually progressive and associated with enhanced chronic inflammatory responses to noxious particles or gases in the airways and lung [1] . COPD is projected to rank fifth as a worldwide burden of disease by 2020 [2] , with approxi-mately 4.8% of all deaths per annum [3] . Weight loss and fat-free mass depletion may be often observed in COPD patients, which contribute significantly to morbidity, disability and handicap in COPD patients [4, 5] .
However, the mechanism underlying weight loss in COPD patients remains unclear. Nutritional aspects including reduced food intake [6] , impaired amino acid metabolism [7] and increased energy metabolism [8] are considered important causes for tissue depletion in COPD patients.
Leptin, the product of the obese (Ob) gene, was initially discovered as a regulator of food intake and energy expenditure [9, 10] , and has recently provided new insights into the pathophysiology of weight loss in COPD patients. Leptin levels increase acutely in patients with infection or inflammation [11] as well as during weight loss [12] . As a systemic disease, COPD is characterized by chronic airway inflammation, which is usually exacerbated by infection [13] . In 1999, Schols et al. [14] first demonstrated that plasma leptin levels were increased in COPD patients compared with healthy individuals. In addition, Bruno et al. [15] found that leptin expression was increased in the bronchial submucosa of COPD patients, and this increase was associated with airway inflammation and airflow obstruction. Many recent studies have reported the relationship between leptin and local or systemic inflammation. Some studies [16] [17] [18] [19] [20] suggested that leptin may play an important role in the mechanism of weight loss in COPD patients and might be a potential biomarker to reflect the clinical status of COPD.
However, most of these studies were heterogeneous in terms of sample size, nutritional support therapy and other characteristics, all of which may contribute to inconsistencies in the literature. Additionally, there is a lack of qualitative analysis regarding the possible involvement of leptin in the pathophysiology of COPD. Therefore, we conducted a systematic review and meta-analysis to further explore the role of circulating leptin levels in COPD. The aim of our work is to study possible relationships between circulating leptin levels and (1) nutritional aspects in COPD patients, (2) systemic inflammatory biomarkers of COPD, and (3) disease status of COPD.
Materials and Methods
Studies were identified by searching the literature using PubMed (1966 to December 2012), Embase (1980 to December 2012) and the Cochrane Database (1972 to December 2012) using both key words and free text words: ('pulmonary disease, chronic obstructive' [MeSH Terms] or 'chronic obstructive pulmonary disease' or 'COPD' or 'COAD' or 'chronic obstructive airway disease' or 'chronic obstructive lung disease' or 'emphysema' or 'chronic bronchitis') and ('leptin' [MeSH Terms] or 'leptin'). Leptin in the blood was retrieved manually. There was no language restriction.
Inclusion criteria included: (1) observational studies; (2) COPD patients who were diagnosed according to the criteria of the American Thoracic Society or Global Initiative for Chronic Obstructive Lung Disease, and (3) healthy controls who had no medical illness or abnormalities in physical examination and laboratory data, and presented no symptoms of infection.
Exclusion criteria included: (1) patients with conditions known to affect serum leptin, such as collagen vascular disease, metabolic or endocrine diseases, renal or liver insufficiency and cardiac failure [21] or treatment with certain drugs [22] ; (2) patients who received nutritional support therapy, and (3) patients with a history or diagnosis of asthma, allergy or other respiratory diseases other than COPD.
Two reviewers (L.Z. and C.Y.) extracted the data from studies independently by reviewing the titles and abstract sections. Full articles were searched when the information met the inclusion criteria. If there was any doubt or disagreement, the full article would be reviewed and opinions would be sought from a third party (X.Y.), or the authors would be contacted for further clarification. For each accepted study, the following data were extracted: the number of participants, age, gender, clinical features, treatments, methods of measuring leptin, mean value, SD, SEM and 95% CI of both patients with COPD and healthy subjects, and the percentage predicted values of the forced expiratory volume in 1 s (FEV 1 ). The SEM or 95% CI was transformed into SD using statistical formulas. Body mass index (BMI) was calculated according to the equation BMI = weight (kg)/height 2 (m 2 ). Fat mass (FM) was measured with bioelectric impedance analysis. Fisher's z transformation of the correlation coefficient [23] between the circulating leptin and BMI or FM% was used to transform r to z, which is considered as the normal distribution.
Stata Software version 12.0 was used for analytical study. Weighted mean difference was selected to combine statistics, while the standard mean difference was selected if the difference in mean values was too large or resulted in large heterogeneity. Summary estimates and the weightings for each outcome were evaluated based on DerSimonian-Laird random effect models. The MantelHaenszel method was chosen to test heterogeneity of the studies. Heterogeneity was tested and significance was set at p < 0.05. A fixed effect model was used unless there was significant heterogeneity (I 2 >50%), in case of which a random effect model would be used.
Results
The systematic search ( fig. 1 ) yielded a total of 721 references, of which 491 were unique. After review of the titles, 369 studies were excluded, yielding 122 articles. A subsequent review of the abstracts rejected an additional 74 references, yielding 48 candidate studies. Of the 48 studies, 9 did not provide sufficient leptin data, such as mean value, SD, SEM and 95% CI; 4 had no data of circulating leptin levels; 10 had comorbid diseases that could affect serum leptin; 4 received nutritional support therapy, and 1 used megestrol acetate [22] that might have influenced circulating leptin levels. We attempted to contact the corresponding and lead authors by e-mail to obtain further information. Finally, 19 articles involving a total of 721 subjects were included in our study and 10 of them were suitable for meta-analysis. Nine studies have been excluded because in these studies either the control subjects and COPD patients were not matched for BMI and/or FM%, or the data needed, such as the correlation coefficient, were not provided.
Relationship between Circulating Leptin Levels and Nutritional Aspects of COPD Patients
Data were pooled from 10 studies irrespective of the age, sex, nutritional aspects of the participants, and the severity of disease or measurements ( table 1 ). The z value was 0.81 (95% CI, 0.49-1.14; p < 0.001; I 2 = 81.0%; random effect model) in stable COPD patients and 0.48 (95% CI, 0.21-0.75; p < 0.001; I 2 = 0.0%; fixed effect model) during acute exacerbations of COPD (AECOPD).
There was a significant positive strong correlation between circulating leptin levels and BMI in healthy controls (r = 0.748), while this relationship was weaker in both stable COPD patients (r = 0.67) and patients with AECOPD fig. 2 ). Likewise, we found the correlation between circulation leptin levels (log transformed) and BMI in healthy controls (r = 0.77) was stronger in comparison with that in stable COPD patients (r = 0.58; online suppl. fig. 1 ; see www.karger.com/doi/10.1159/000354191). The combined r between the circulating leptin levels and FM% was 0.62 in stable COPD patients, which predicted a positive correlation in them (z = 0.72; 95% CI, 0.24-1.20; p = 0.003; I 2 = 86.6%; random effect model). In the healthy controls (two studies), the correlation was stronger (r = 0.811) but it was absent in AECOPD patients (1 study; fig. 3 ).
Relationship between Circulating Leptin Levels and Gender Differences in Stable COPD Patients
Three studies observed circulating leptin levels after stratification for gender between COPD patients and controls ( table 2 ) . Within COPD patients, male subjects had lower levels of circulating leptin compared with female subjects. Cohen et al. [24] had the two groups matched for BMI, and Breyer et al. [25] additionally had the leptin levels corrected for FM%. The gender-related differences were also observed within healthy controls. There was no difference between the COPD patients and the healthy groups.
Correlation between Circulating Leptin Levels and Systemic Inflammatory Biomarkers
A correlation between circulating leptin and tumor necrosis factor (TNF)-α was reported in 5 of 10 studies, regardless of age, sex, nutritional aspects and the severity of disease. The z value was -0.02 (95% CI, -0.35 to 0.31; p = 0.907; I 2 = 68.5%; random effect model) in stable COPD; the combined r was -0.02, indicating that there was no significant correlation between the circulating leptin and TNF-α levels in the stable COPD. On the contrary, a positive correlation (r = 0.617) was shown in AECOPD in 2 studies ( fig. 4 ) . Breyer et al. [25] reported that circulating leptin correlated with C-reactive protein (CRP) and fibrinogen, but not with interleukin (IL)-6 in 186 patients with stable COPD. However, no such correlation was found in another study [26] . Krommidas et al. [27] indicated that the log-transformed leptin blood concentration was significantly positively associated with CRP and IL-6 in AECOPD ( table 3 ) . 
Circulating Leptin Levels in Stable COPD and AECOPD Patients
COPD patients were divided into two groups: (1) AECOPD, which was defined as a change in the patient's baseline dyspnea, cough and/or sputum that is beyond normal day-to-day variations and might warrant a change in regular medication [28] , and (2) stable COPD, where the patients were clinically stable for at least 4 weeks without clinical evidence of exacerbation. All studies listed in table 4 provided basic information related to patients and control subjects.
Three studies [18, 26, 29] reported that patients with stable COPD had lower leptin levels concomitant with a significantly lower BMI than healthy controls. After correction for FM%, no difference was noted between patients and controls [18, 25, 30] . Eker et al. [19] found that in stable COPD patients leptin levels were low and the frequency of insulin resistance was high compared with the controls, although no difference in body FM was determined between the study populations. In other studies where COPD patients and controls were well matched for age, gender and BMI, the circulating leptin levels were not significantly different between stable COPD patients and healthy controls [17, 24, 25, [30] [31] [32] . However, Gaki et al. [33] demonstrated that leptin levels were higher in COPD patients who used inhaled corticosteroids.
Although AECOPD patients had significantly lower BMI than control subjects, Kythreotis et al. [34] demonstrated that leptin levels in these patients were significantly higher than those in healthy subjects even after correction for FM%. After matching for BMI between the exacerbation group and healthy controls, elevated leptin levels were observed [16, 32, 35] , though they were not significantly different in the study of Yang et al. [35] . The leptin levels were not different between the exacerbation and stable COPD groups [32, 35] , while Calikoglu et al. [16] reported that leptin levels were higher in AECOPD patients than in patients with stable COPD. ICS = Inhaled corticosteroids; NA = not available; NS = nonsignificant (circulating leptin levels between stable COPD/AECOPD and healthy controls). * p < 0.05 (circulating leptin levels between stable group/AECOPD group and healthy controls); ** p < 0.05 (circulating leptin levels between AECOPD and stable COPD). Values are numbers, means ± SD (or a means ± SE) or medians (25 -75 percentiles).
Discussion
Our study showed that BMI, FM% and gender were the dominant determinants of circulating leptin levels in stable COPD patients, whilst the correlation between BMI and leptin levels tended to be weaker during acute exacerbation compared with the stable status. In addition, a positive correlation between leptin levels and inflammatory markers was observed in AECOPD patients and this correlation did not seem to be statistically significant in patients with stable COPD.
Leptin is a protein hormone (mainly synthesized in adipocytes) that plays an important role in body weight regulation [36] through the afferent hormonal signal to the brain in a feedback mechanism that regulates FM [37, 38] . In addition, leptin mediates energy expenditure by increasing both physical activity and activity-independent thermogenesis [39] .
It was reported that circulating leptin levels varied with the nutritional status in the general population [40] [41] [42] [43] . Likewise, in our meta-analysis, circulating leptin levels were correlated with nutritional parameters in COPD patients. Four articles [17, 30, 35, 44] reported that circulating leptin levels decreased in COPD patients with lower BMI compared to healthy controls, which was not consistent with the small study of Takabatake et al. [31] , who reported that no difference was found between stable COPD patients and healthy controls. In addition, there was no difference in either circulating leptin levels or BMI between noncachexic COPD patients and healthy controls. Wang et al. [45] also reported similar results for leptin although they did not provide information regarding BMI.
Given the same amount of FM in normal subjects, women had higher circulating leptin levels than men [46] . This gender difference was also observed in circulating leptin levels in COPD patients [25] . However, there seemed to be no significant difference between COPD patients and healthy controls with respect to the magnitude of gender-related differences in body composition. Several other adipokines were found in humans [19, 27, 34] , and analysis of their expression together with leptin levels may explain the possible mechanism of weight loss in COPD patients.
Recent studies [16, 17, 35] suggest that cytokine-mediated metabolic derangement is among the candidates responsible for weight loss in COPD patients. Experimental animal [21, 47] and human [48] studies have provided evidence for a link between leptin and proinflammatory cytokines. Our meta-analysis was unable to show any statistically significant correlation between circulating leptin and TNF-α levels in stable COPD patients, suggesting that leptin might not be primarily under the control of the TNF-α system. Improved TNF-α test specificity over years could be a likely explanation for the discrepancy between recent and earlier reports [49] . Breyer et al. [25] reported that leptin correlated with CRP and fibrinogen, but not with IL-6 in stable COPD patients, which was inconsistent with the study of Luo et al. [26] . Interestingly, a similar relationship between leptin and CRP/fibrinogen persisted in female COPD patients but disappeared in male counterparts [25] . This linkage might be involved in the association of adipose tissue with oxidative stress and enhanced oxidative capacity of circulating leptin by leukocytes [50] . The controversial results indicate a need for longitudinal studies to confirm the correlation between circulating leptin levels and systemic inflammation in COPD patients.
Development of progressive weight loss in COPD patients was reported to be independent of the degree of airway limitation [51] . In line with this, another study [52] also reported that there was no correlation between circulating leptin levels and the severity of disease. Eker et al. [19] indicated a positive relationship between leptin levels and FEV 1 /forced vital capacity. Although there was a prominent difference in leptin levels between moderate, severe and very severe COPD groups, it was not statistically significant [19] . The inconsistent conclusions might be related to the small number of patients.
Circulating leptin levels in stable COPD patients did not seem to be different from those in healthy controls after age, gender and BMI were adjusted. Additionally, the leptin levels tended to be higher in AECOPD patients as compared with the healthy controls. As an appropriate treatment, glucocorticosteroids might be used in COPD patients. The higher leptin levels in COPD patients demonstrated by Gaki et al. [33] and Creutzberg et al. [53] were probably influenced by corticosteroids [54] . However, whether the administration of corticosteroids could affect serum leptin levels was still controversial [27, 55, 56] and is worthy of further exploration. Eker et al. [19] reported a significantly lower circulating leptin level in stable COPD patients than other studies, which might be attributable to the lower fat-free mass and higher frequency of insulin resistance in COPD patients. It was therefore important to minimize selection biases on any influencing factors in future studies between the study and control populations.
During disease exacerbation, the correlation between circulating leptin levels and nutritional parameters tend-ed to be weaker compared to that in stable COPD patients. Temporary disturbances in energy balance during an AECOPD might be related to increased leptin concentrations and systemic inflammatory responses [27, 53] . It was shown that the administration of cytokines such as TNF-α could increase serum leptin levels [48] . Moreover, Creutzberg et al. [6] demonstrated a positive correlation between leptin and soluble TNF-α receptors during COPD exacerbations. The present review seemed to suggest that there was a positive relationship between circulating leptin and TNF-α levels and that systemic inflammation might be conducive to a dissociation of the normal feedback regulation of leptin by nutritional parameters.
There are some limitations concerning the literature search used for our meta-analysis. First, the control subjects are not matched for BMI, FM% and the smoking status, which could influence circulating leptin levels. Therefore, we could not do statistical analyses to evaluate the leptin levels between COPD patients and controls. It is important to minimize selection biases in future studies and ensure that there is no significant difference in nutritional parameters between the study and control populations. Second, we were not able to account for the number of current smokers, former smokers or the number of pack-years, as they were insufficiently presented in most studies. Finally, we could not show whether airway leptin concentrations had a closer correlation with clinical parameters in COPD patients than circulating leptin levels due to the lack of available data.
In conclusion, our study suggests that gender-related circulating leptin remains regulated physiologically in stable COPD and varies with the nutritional status, which seems to be independent of the TNF-α system, probably as a compensatory mechanism to preserve body fat content. However, it is tempting to speculate that an inappropriate increase in leptin levels during an AECOPD and the additional correlation with systemic inflammatory responses may be related with changes in nutritional parameters, suggesting that leptin is valuable in the evaluation of systemic inflammatory responses in AECOPD patients. Large-scale studies are needed to better identify the role of leptin.
